Diffusion tensor (DT) imaging provides quantitative information about the magnitude and the directionality (anisotropy) of water diffusion in vivo and can detect pathologic changes in brain ischemia. This study tried to detect ischemic brain damage using DT imaging in patients with symptomatic chronic major cerebral artery occlusive disease. DT imaging was performed using a 3.0 Tesla magnetic resonance (MR) scanner in 50 patients with unilateral internal carotid artery or middle cerebral artery stenosis or occlusion, who had no obvious infarct lesions on conventional MR imaging. Thirty-three patients underwent DT imaging before and after vascular reconstruction surgery. Fractional anisotropy (FA) was calculated in the middle cerebral artery territory. Preoperative FA values in the ipsilateral side were significantly lower than those in the contralateral side. After surgery, the FA value was significantly increased. DT imaging may indicate ischemic brain damage, not visualized by conventional MR imaging, in patients with major cerebral artery occlusive disease.
Introduction
Diffusion-weighted magnetic resonance (MR) imaging can demonstrate the diffusion, or microscopic random translational motion, of water molecules in vivo. 12) Diffusion tensor (DT) imaging can probe the structural properties of tissue, such as the integrity and orientation of tracts in the brain, 14, 22, 30) which cannot be shown by other techniques. DT imaging has been used in the clinical environment to measure the anisotropy of water diffusion in patients with cerebral degeneration diseases. 2, 3, 8) Fractional anisotropy (FA) was used as a quantitative index for DT imaging, and FA may identify white matter lesions in the acute stage. 2, 3, 8) Conventional MR imaging is excellent at depicting ischemic lesions, but frequently shows no ischemic lesions in patients with major cerebral artery occlusive disease. 1, 17) MR imaging may not show lesions in which the degree of the ischemic damage is not so severe as to affect the MR relaxation parameters. 11, 23, 24, 29) The present study measured the FA value in patients with symptomatic unilateral major cerebral artery occlusive disease to compare the FA values before and after vascular reconstruction surgery to confirm whether DT imaging can detect brain ischemia not visualized by conventional MR imaging.
Methods

I. Patients
This study included 50 patients (7 females and 43 males) aged 35-78 years (mean 67 years) with unilateral major cerebral artery occlusive disease and ischemic cerebrovascular events. Conventional MR imaging showed no obvious infarct in the bilateral middle cerebral artery (MCA) territories. Cerebral angiography was performed in all patients. The disease was internal carotid artery (ICA) stenosis in 30 patients, ICA occlusion in 12 patients, MCA stenosis in six patients, and MCA occlusion in two patients. The initial DT imaging was performed one month after the onset of symptoms in all patients. Thirty-three of 50 patients, who underwent vascular reconstruction surgery, were evaluated again 3 weeks or more after surgery. Patient characteristics are shown in Table 1 . The study protocol was approved by the local ethical committee. All subjects gave written informed consent prior to the study.
II. MR imaging
All scans were performed using a Signa VH/i 3.0 T MR imaging system (GE Medical Systems, Milwaukee, Wis., U.S.A.) and standard head coil. All patients underwent, prior to DT imaging, conventional spin echo proton density-weighted and T 2 -weighted imaging: repetition time (TR) 4000 msec, echo time (TE) 21 or 103 msec, matrix 512 × 384, field of view (FOV) 240 mm, 6 mm thickness, and 2 mm gap. A spin echo type echo planar imaging (EPI) sequence with diffusion gradients applied in six directions was used for DT imaging: TR 10000 msec, TE 84 msec, matrix 128 × 28, FOV 240 mm, 6 mm thickness, and 2 mm gap. To optimize the measurement of diffusion, only two b factors were used (b1 ＝ 0, b2 ＝ 1200 sec/mm 2 ).
III. Image analysis
All image post processing was performed on a workstation (ULTRA2; Sun Microsystems, Mountain View, Calif., U.S.A.) connected to the scanner, using a subprogram, developed by one of the authors (H.K., GE), of the Functoll TM image analysis software (General Electric Medical Systems, Buc, France). The scalar in variants of the tensor, FA, was derived for every pixel. The regions of interest were determined only in the white matter of bilateral centra semiovale, excluding the cerebrospinal fluid, traced on the b ＝ 0 step of the EPI scans (T 2 -weighted, but not diffusion-weighted) and were automatically transferred onto the coregistered FA images (Fig. 1) . Then, the FA value was calculated for each patient.
IV. Statistical analysis
Differences between the preoperative FA values in the ipsilateral and contralateral sides, the ipsilateral FA values before and after surgery, the contralateral FA values before and after surgery, and the postoperative FA values in the ipsilateral and contralateral sides were compared by the paired t test. A probability of less than 5% was considered to indicate significance.
Results
Thirty-three patients who underwent vascular reconstruction surgery showed no changes between the pre-and postoperative conventional MR images. The images of EPI on the b ＝ 0 step were sufficient to recognize the white matter of centrum semiovale, and the quality of DT imaging was adequate to depict the major structures.
The FA values obtained by initial DT imaging in the ipsilateral side (0.343 ± 0.059) were significantly lower than those in the contralateral side (0.374 ± 0.051) (p º 0.001) in all patients (n ＝ 50). The ipsilateral FA values after surgery (0.387 ± 0.039) were significantly increased compared with those before surgery (0.344 ± 0.061) (p º 0.001) in the patients who underwent vascular reconstruction surgery (n ＝ 33). Differences between the preoperative (0.373 ± 0.052) and postoperative (0.386 ± 0.039) FA values in the contralateral side were not significant. Postoperative FA values showed no significant differences between the ipsilateral and contralateral sides. Representative proton densityweighted image, T 2 -weighted image, and FA image in Case 50 are shown in Fig. 2 .
Discussion
The present study demonstrated significantly reduced FA values in the hemispheres with major cerebral artery occlusive disease and that these values were significantly increased after vascular reconstruction surgery.
FA values have been measured in patients with multiple sclerosis, amyotrophic lateral sclerosis, or leukoaraiosis, 3, 6, 8, 10, 27) indicating that the FA value is an indicator of tissue damage in the white matter. The FA value rapidly decreased and continued to decrease toward a minimum value for a period of approximately 100 hours in acute ischemic lesions appearing as high intensity on isotropic diffusionweighted images. 26, 32) Thus, the reduced FA value in our patients may indicate the presence of ischemic brain damage, which was not visualized by conventional MR imaging, caused by chronic major cerebral artery occlusive disease.
The present study also showed that the preoperatively reduced FA values in the ipsilateral side were improved after vascular reconstruction surgery. The exact reason of such change is difficult to evaluate, but there are two possible explanations. First, the reduction of FA values may imply ischemic brain damage caused by reiterated asymptomatic microembolic events. Transcranial Doppler monitoring has demonstrated clinically silent microembolic events in patients with major cerebral artery occlusive disease. 5, 19, 25) The asymptomatic microembolic events are disappeared after vascular T. Inoue et al. reconstruction surgery. 7, 18, 21) Reduction of diffusivity can be transient after brief periods of acute focal brain ischemia. 9, 13, 28) These findings suggest that disappearance of microembolisms may lead to increased FA values after vascular reconstruction surgery. Second, the bulk flow may influence the FA values. The accuracy and precision of the diffusion analysis partly depend on the bulk flow. 4) An animal study observed a change in bulk flow in ischemic lesions after MCA ligation. 20) Thus, the postoperative increase of the FA values may be partially associated with the change in bulk flow after surgery. We should apply higher b value DT imaging to reduce the contribution of the bulk flow. 15, 16, 31) The present study suggests that DT imaging may indicate ischemic brain damage, not visualized by conventional MR imaging, in patients with major cerebral artery occlusive disease. Further investigation regarding the relationship between the FA value and the natural history of major cerebral artery occlusive disease is needed.
